The observed maximum concentration of total suspended particles (TSP) was 5.2 mg m À3 during the dust event of April 2003. Variations in the TSP and PM 11 (particles smaller than 11 mm) show that high atmospheric concentrations were observed during dust events that occurred mainly in spring and summer. According to the meteorological observations, dust storms or blowing sand/dust occurred not only in spring, but also in summer and autumn, though floating dust occurred mainly in March and April. The frequency of dust events was consisted with the results of dry deposition.
Introduction
The ''Aeolian Dust Experiment on Climate impact (ADEC)'' programme started in the year 2000 (Mikami et al. 2002) to improve understanding of aeolian dust, with special emphasis on Asian dust. We established a network of nine observation stations in Asian dust-source regions, long-range transported regions in east China and Japan (Mikami et al. 2002) . Preliminary results of aerosol concentrations, size distributions, and elemental compositions of the aerosols over Asian dust-source regions have been reported by Yabuki et al. (2002 Yabuki et al. ( , 2003 Yabuki et al. ( , 2004 , and aerosol characteristics in Japan have been reported by Kanai et al. (2002 Kanai et al. ( , 2003 .
Among potential source regions of Asian dust, the Taklimakan Desert is one of the most important. Because it is an inter-montane basin surrounded by high mountain ranges such as Tianshan and Kunlun Mountains, the aeolian dust from Taklimakan Desert is considered to be lifted to high altitudes and transported over long distances. Therefore, observation of aerosols at Taklimakan Desert is very important to get the initial information of Asian dust at the source regions. We have two observation sites in the northern and southern parts of Taklimakan Desert, Aksu and Qira. In this paper, we focus on the characteristics of aerosols collected at Aksu from March 2001 to April 2004, with three intensive observation periods (IOP), 11-24 April 2002 , 16-26 March 2003 and 10-17 March 2004 . We discuss aerosol characteristics, such as atmospheric concentrations, deposition rates, size distributions, soluble ion concentrations and major elemental composition, together with wind characteristics at Aksu.
There is a growing awareness of the important role of aeolian dust in climatic systems, as it significantly influences the atmospheric radiation balance by scattering and absorbing various radiation components, and by modifying the optical properties and the lifetimes of clouds (Tegen et al. 1996; Sokolik et al. 2001) .
In China, gobi (gravel desert) and sand deserts are widespread in arid and semi-arid regions, and cover 13.6% of the country (Zhu et al. 1986 ). Such arid and semi-arid regions in China and its surroundings are regarded as amongst the most important sources of Asian dust (Pye 1987 ). An extensive sampling and analysis of aerosols from Asian dust-source regions is required in order to understand the aerosols' character. So far however, only very limited and sporadic observations have been carried out in Asian dust-source regions by direct sampling of mineral aerosols (Zhang, X. et al. 1993; Mori et al. 2002; Yabuki et al. 2002) and in the long-range transported regions (Arimoto et al. 1997; Kanai et al. 2002; Zhang, D. et al. 2003a Zhang, D. et al. , 2003b Zhang, J. et al. 2001; Zhang, R.J. et al. 2005) . In this paper, we present the results of a three-year observation at one Asian dust-source region and provide information about the characteristics of aeolian dust. The comparison of atmospheric aerosols in Asian dust source regions, such as Aksu and Qira, with the long-range transported regions such Japan will be discussed in near future.
Samples and methods

Geological background around sampling
site The Tarim Basin is located in the centre of the Eurasian Continent. It is a typical inland basin surrounded by mountains of altitude 4000-7000 m, except on the eastern side. Our observation site, the Aksu Water Budget Experiment Station, Chinese Academy of Sciences (CAS), is situated 50 km south-east of Aksu City, the largest oasis in the northern part of the Tarim Basin. Geological information about the surroundings of the sampling site is shown in Fig. 1 .
To the north of the Aksu Station, there is the southern branch of the Tianshan Mountains. Mt. Tomur at 7439 m, the highest peak of the Tianshan range, is only 100 km north of Aksu City. To the south and southeast, the Taklimakan Desert, the second largest sand desert in the world, extends beyond the Tarim River. An abundance of salt deposits and carbonate rocks, formed at the marine transgression to the western Tarim areas in the late Cretaceous and early Tertiary periods, are found at the southern piedmont of the Tianshan Mountains (Ma and Wen 1991; Okada et al. 1997; Yabuki et al. 1999) . Large river systems such as the Tarim River, Hetian River, Yarkant River and Aksu River, converge near Aksu. Saline soils are widespread around the sampling site because of the shallow ground-water level and the dry climate.
Samples
All samples and meteorological data were measured inside the Aksu Water Budget Experiment Station, CAS, its latitude and longitude are 40 37 0 01 00 N and 80 49 0 42 00 E, and its altitude is 1030 m above sea level. The collected samples and measured data are summarized in Table 1 .
Between March 2001 and April 2004, sizesegregated aerosol samples were collected at heights of 7 m and 17 m from the ground surface using an Andersen-type low-volume air sampler (Sibata, AN200) with an eight-stage impactor and a back-up filter. The aerosol concentration was calculated by measuring the weight of the filters before and after sampling. To measure these by micro-balance, sample weights greater than 1 mg are preferable, so the sampling period depended on the aerosol concentration. It was usually a few days during a dust event, one week during a non-dust event, and in winter, when the aerosol concentration was very low, the sampling duration was more than one week. As we used the collected samples to measure the chemical composition by wet chemistry, we used polytetrafluoroethylene (PTFE) filters (Advantec, PTFE050) because the major element concentration of PTFE in the filter blank is very low Yabuki et al. 2002) .
Total suspended particles (TSP) were collected from November 2002 to March 2004 on PTFE filters (Advantec, PTFE040, 25 Â 20 cm 2 ) using a high-volume air sampler (Wuhan, TH-1000CII ) on a platform 7 m above the ground, with an air flow rate of 1000 L min À1 . Sampling frequency of TSP was usually twice for one sampling by Andersen sampler. Because of instrumentation trouble, we could not get data until October 2002.
Dry depositions were also collected using a dry deposition sampler (Sibata, Dry Deposition Sampler) from June 2001 to February 2004. Because of limited space on the platforms, we set it on the roof of a one-storey building, 4 m from the ground surface. To avoid loss of samples due to wind, we used a 40-cm deep a b Fig. 1 . Map of sampling site. a: Network observation stations for the ADEC program. Qira, Aksu, Dunhuang and Shapotou are Asian dust-source regions and Beijing, Qingdao, Naha, Fukuoka, Nagoya and Tsukuba are long-range transported regions (Kanai et al. 2002 
Size distribution of aerosol particles
The mass-size distribution of aerosol particles is expressed as dmðDÞ/d log D, where D is the particle diameter, and mðDÞ is the mass of aerosols between D n and D nþ1 . The 50% cutoff diameter at each stage at a flow rate of 28.3 L min À1 is as follows: 11 mm, 7.0 mm, 4.7 mm, 3.3 mm, 2.1 mm, 1.1 mm, 0.65 mm, and 0.43 mm. We assume that the minimum particle size trapped on the backup filter is 0.17 mm and the maximum size at stage zero (>11 mm) is 28.2 mm.
Chemical analysis
For the measurement of soluble ions, a quarter of each Andersen filter was used. As PTFE filters are hydrophobic, we first moistened it with 2 g of ethyl alcohol then added 23 g of ultra-pure water. Water-soluble ions were extracted into the water by 30 min of ultrasonic vibration. The concentrations of the major elements such as Na þ , Mg 2þ , K þ and Ca 2þ were measured using inductively coupled plasma atomic emission spectrometry (Nippon JarrelAsh, ICAP-575II or SEIKO, SP7000A). The NH 4 þ ion concentration was determined by the indophenol method. Ion chromatography (Dionex, 2020I) was used to determine the concentration of soluble anions: Cl À , NO 3 À and SO 4 2À .
Morphology and elemental composition
The morphology of the aerosol particles and their elemental composition were examined with an electron-probe microanalyser (EPMA) equipped with an energy dispersive X-ray analyser (EDS) (JEOL, 8200). Approximately a 3 Â 3 mm 2 section of an Andersen filter was fixed to a brass plate and coated with 50 nm of Osmium metal, using an Osmium-plasma coater (OPC80N). EDS semi-quantitative analysis was used for bulk composition analysis of nine areas, each of 100 Â 100 mm 2 , using an accelerating voltage of 15 kV, 5 nA of beam current for a period of 60 seconds. The elemental composition was calculated as oxide. The elements C, N and O were excluded from the analysis.
Results and discussion
Meteorological situation of Aksu
In China, dust events are classified into three categories, dust storm (wind speed > 10 m/s, visibility < 1 km), blowing dust/sand (wind speed > 5 m s À1 , visibility: 1-10 km) and floating dust (visibility: <10 km). Dust-event days at Aksu Station from 2001 to 2004 are summarized in Table 2 (Zhou, ADEC Annual meeting 2002). Dust storm days were observed from April to July; however, floating-dust days were concentrated in March, April and May. The threshold wind speed to generate a dust storm is usually considered to be 8.0 m s
À1
(mean speed over 10 min, 10 m above the ground surface) (He, Q., 1996) . However, a dust storm or blowing sand/dust can be generated at lower wind speeds if the atmosphere is unstable near the ground surface, especially during spring or summer. The daily average wind speed from March 2002 to May 2004 is shown in Fig. 2 together with temperatures and relative humidity. Wind speeds > 5 m s À1 are observed not only in spring but also in summer.
Frequency of wind directions for each month from April 2002 to May 2004 are summarized in Table 3 . As shown in Fig. 3 , in March, the most frequent wind direction is ENE when the wind speed is greater than 5 m s À1 . In April and May, the east wind is dominant. The wind direction changes quickly just before a dust event occurs. Figure 4 is a typical example, showing sudden changes of wind direction when dust events occurred during IOP of April 2002. The predominant wind direction changes to NNW during summer. In September and October, winds from the E and ENE are dominant, though the frequency of strong winds (>5 m s À1 ) is very low. During winter, in November, December, January and February, we scarcely observed wind speeds greater than 5 m s À1 during these three years. The frequency of wind speeds greater than 5 m s À1 is high in April (9.2%) and May (9.4%), then June (7.6%) and July (7.1%). This tendency is consistent with the fact that dust storms are observed not only in spring but also in summer. Sun et al. (2001) suggested that the dust storm in the Taklimakan Desert is mainly associated with the western route cold air outbreaks, which usually cause easterly winds in the desert. However, Sun et al. referred only to the wind direction in spring, so the difference in wind direction between spring and summer might suggest a different mechanism of dust-event occurrence and dust transportation. We anticipate a detailed analysis of the dust eventoccurrence mechanism in Tarim Basin by the modelling group of ADEC.
From the dominant wind direction during dust events, we suggest that in Aksu, aeolian dust particles are transported from the east or ENE in spring and autumn, through the saline lands; while in summer, the wind comes from the direction of the Tianshan Mountains through the gobi and the oasis. During winter, winds greater than 5 m s À1 are seldom observed, and therefore aerosols in Aksu should be of local origin.
Variation of aerosol concentrations and
dry deposition rates Detailed sampling data measured by the high-volume air sampler and the Andersen sampler are given in Appendix 1 and Appendix 2. In Appendix 2, we only show the results at a height of 7 m, because except for strong dust events, the aerosol mass concentrations at both heights are surprisingly consistent. Because we need a longer sampling period for the Andersen than for the high-volume air sampler, we usually made two measurements with the high- This means that the concentration of fine particles which causes visibility decrease is not high. On the other hand, during dust storm and floating dust, fine particle concentration is high, however, we cannot explain the reason why there is a small difference in the PM 11 / TSP ratios between dust storm and floating dust. Figure 5 shows the variation of TSP, PM 11 , and PM 2:1 (sum of particles less than 2.1 mm stages of Andersen sampler) together with the frequency of the dust-event days. It must be noted that the TSP, PM 11 , and PM 2:1 in Fig rupted for filter changes, otherwise, the sampling frequency is once or twice a month with a sampling duration of a few days to one week. Therefore, except IOP, sampling period does not necessarily overlap dust events. Nevertheless, the observations over the three years show increases in aerosol concentration in March and April, with frequent dust events. The observed maximum concentration is 5.2 mg m À3 for TSP, 3.8 mg m À3 for PM 11 during the dust storm on 15-17 April 2003. Figure 5 shows that dry deposition was observed not only in spring but also during summer and autumn. The period of dry deposition sampling is one month. Since we covered the sampler only during rainfall or snowfall, the results give the average deposition rate over a month, which suggests that a fair number of particles are carried into the atmosphere even in summer and autumn. The results are also supported by the frequency of dust-event days: in Aksu, dust storm or blowing sand/dust conditions occur not only in spring but also in summer and sometimes in the autumn, although occurrences of floating dust are concentrated in spring. Concentrations of PM 2:1 also increase consistent with TSP and PM 11 when aerosol concentration is high, however in winter, when aerosol concentration is low, PM 2:1 /PM 11 increases because of the increase of anthropogenic pollutants during winter.
Size distribution of aerosols in Aksu
The mass-size distribution of atmospheric aerosols collected by the Andersen sampler is summarized in Fig. 6 . In spring, summer and autumn, they show a unimodal size distribution with a maximum concentration in the range 3.3-7.0 mm. This means that the aerosols consist mainly of soil particles. On the other hand, in winter, they show a bimodal distribution with two peaks, at 3.3-7.0 mm and 0.65-1.1 mm. During winter, mass concentrations of mineral aerosols (aerosol particles larger than 2.1 mm) are very small: however, mass concentration of particles smaller than 2.1 mm increases. Usually coarse particles (j > 2:1 mm) account for more than 95% of total aerosols, however, in winter particles smaller than 2.1 mm (PM 2:1 ) account for 30% of total aerosols. We will mention later that these PM 2:1 particles consist mainly of typical anthropogenic products, ammonium sulfate and/or ammonium nitrate.
Aerosol concentrations at different heights
As previously mentioned, the aerosol concentrations at heights of 7 m and 17 m are similar when the aerosol concentration is low . However, when dust events occur, the difference in aerosol concentrations at 7 m and 17 m becomes evident. During IOP 2002, we observed several dust events. The aerosol concentrations in different size ranges are shown in Table 4 , and the mass-size distribution is shown in Fig. 7 . We can see that during dust storms Ak020413 and Ak020420, the aerosol concentration of particles coarser than 3.3 mm at a height of 7 m is obviously greater than that at 17 m, whereas the difference in aerosol concentrations at 7 m and 17 m heights for the samples collected midterm of the two dust storms, sample Ak020417) is very small. Figure  8a shows the variation of wind speed during IOP 2002, together with the total aerosol concentration collected by the Andersen sampler, and Fig. 8b shows the correlation between aerosol concentration and average wind speed during the Andersen sampling time. The difference in total aerosol concentration is also proportional to average wind speed. Detailed discussion on the mechanism of dust entrain- ment, transport and deposition is not purpose of this paper. We just want to say that the particle concentration is controlled by the vertical components of the wind flow and settling velocity of a particle (Pye 1987) . The increase of wind speed bring more particles into the atmosphere, and, according to Stoke's Law, settling velocities of soil particles increase as a function of the square of the grain size. So it seems reasonable that the aerosol concentration increase proportional to the average wind speed and the difference of aerosol concentration at 7 m and 17 m heights increase for large particles.
Distribution of soluble ion concentration
The soluble ion concentration for each size of segregated aerosols is given in Appendix 3. The dominant soluble ions of Aksu aerosols . Figure 9 shows the sizedistribution of the main soluble ions over the period July 2001 to April 2002. The distributions of Na þ , Cl À and Ca 2þ are unimodal with a peak at 3.3-7.0 mm, the same as for the coarse particle distribution. NH 4 þ shows an almost unimodal distribution with a peak at 0.43-1.1 mm. On the other hand, SO 4 2À and NO 3 À -show bimodal distributions with two peaks: at 3.3-7.0 mm and in the submicron region. This bimodal distribution becomes especially clear during winter.
As mentioned above, the Aksu Station is surrounded by saline soils, brown desert soils that contain abundant evaporate minerals (evaporate means minerals resulting from evaporation of salty water in inland regions) (Yabuki et al. 1998; 1999) such as calcium carbonate (calcite), sodium chloride (halite) and calcium sulfate (gypsum and anhydrite). It is reasonable that such evaporate minerals are drawn up into the atmosphere together with soil particles. XRD (X-ray diffraction) analysis shows that Aksu aerosols contain calcite (CaCO 3 ), halite (NaCl) and gypsum (CaSO 4 Á2H 2 O). As shown in Fig. 10 , the correlation between Na þ and Cl À is almost 1 : 1 mole equivalent, with a slight excess of Na þ ions. Thus, we can say that most of the soluble Na þ and Cl À are provided by halite. The possible reason for the excess Na þ might be the existence of Na 2 SO 4 . Thenardite (Na 2 SO 4 ) is also a common evaporate mineral around saline land of Tarim Basin (Okada 1997) . Even though its abundance is not large enough to detect in a bulk XRD spectrum, Yabuki et al. (2002) (Fig. 12a) . This suggests the existence of anthropogenic ammonium sulfate and ammonium nitrate. An observation using an electron microscope revealed that there are large-mass (>10 mm) of ammonium sulfate crystals that are easily destroyed by the electron beam on the filter of submicron stages (Fig. 12b) . They are too large for this stage, so we assume that ammonium sulfates or nitrates were in droplets in the atmosphere and crystallized on the filter. In urban areas, anthropogenic ammonium sulfates come from exhaust gas from vehicles: however, in Aksu, it seems that SO 4 2À and or NO 3 À , as well as NH 4 þ are provided by coal combustion during winter . In winter, we observed bimodal distribution of NO 3 À with two peaks at submicron range and coarse particle range. The possible source of NO 3 À in coarse particle range could be also coal combustion. Concerning NO 3 À in coarse particles during non-heating season, one possible source is fertilizer in the soil around sampling site. Okada et al. (1997) reported the existence of nitrate-bearing salt mineral, humberstnite (Na 7 K 3 Mg 2 (SO 4 ) 6 (NO 3 ) 2 Á6H 2 O) in saline land at Shaya, northern part of Tarim Basin. Such nitrate-bearing evaporate mineral might be a possible source of nitrate of course particle region.
Major element composition
Major element compositions for sizesegregated Aksu aerosols are given in Appendix 4, and the normalized values for the average upper-continental crust (UCC) (Taylor and McLennan 1995) are shown in Fig. 13 . For comparison, we show major element compositions of saline soils (j < 125 mm) in Aksu and Taklimakan Desert sand (j < 125 mm) (Oka 2004) , loesses from the Tarim Basin (Honda et al. 2003) and loesses from the Central Loess Plateau (Gallet et al. 1995) in Table 5 . Compared with UCC, these reference surface soils, as well as Aksu aerosols, are characterized by extremely high CaO content, and saline soils show high Na 2 O content. In Fig. 13 , we also show the UCC-normalized maximum and minimum values of saline soils and loesses from the Tarim Basin. We treated Aksu aerosols with 5% acetic acid, after which the CaO content of the residue became less than 2%. This means that most of the CaO in Aksu aerosols are acetic-acid soluble salts such as calcium carbonate (CaCO 3 ) and calcium sulfate (CaSO 4 ). Figure 13 shows that the MgO, K 2 O and FeO content of Aksu aerosols is higher than saline soils, desert sand (j < 125 mm), and Tarim and Luochuan loesses, while the SiO 2 content is lower than those reference materials. Figure 13 also shows that the SiO 2 content increases with particle size, whereas, Al 2 O 3 , MgO, K 2 O and Fe 2 O 3 increase inversely with particle size. Depletion of SiO 2 , and enrichment of FeO, K 2 O, and MgO compared with surface soils around Aksu, the loess deposits in the Tarim Basin and the Central-Loess Plateau suggests that minerals rich in K, Fe, Mg such as mica and clay are selectively derived from the soil surface. This is because their particle size is generally smaller than quartz (SiO 2 ), the main soil constituent mineral. In Appendix 4, Ak020301, Ak020413 and Ak020515 are samples obtained during dust events. The aerosol concentration for Ak020515 is larger than that of Ak020301, although the Na 2 O concentration for Ak020515 is lower than that of Ak020301. The difference in chemical composition can be explained by different wind directions for the samples: east for Ak020301 and north for Ak020515. As shown in Fig. 1 , saline soils are wide spread at the east of the Aksu observation site, so the east wind brings more halite (NaCl) into the atmosphere.
Conclusion
In this study, the results of three years of monitoring aerosols at Aksu in the Asian dustsource region were summarized, together with meteorological observations. Wind characteristics in Aksu are as follows: in spring and autumn, the dominant direction of winds with speeds greater than 5 m s À1 is ENE and E. In contrast, in summer the most frequent wind direction is NNW when the wind speed is greater than 5 m s À1 . During winter, wind speeds greater than 5 m s À1 are seldom observed.
High atmospheric mass concentrations are observed during dust events, which occur mainly in spring and summer. Compared with TSP and/or PM 11 concentrations, the variation of dry deposition is rather wide. A significant amount of dry deposition is observed during summer and autumn. This result corresponds with dust event frequency in Aksu. Dust storm or blowing sand/dust occurs not only in spring but also in summer and autumn. Aksu saline land 1) <125 mm 59.7-57.4 12.3-11.6 4.5-3.2 3.6-2.3 10.8-6.4 5.3-14.9 2.9-3.0 Taklimakan Desert sand 1)
<125 mm 66.7-64.5 11.3-9.7 4.7-3.6 3.0-2.4 13.6-8.9 2.3-2.1 1.9
Tarim loess 2) Bulk 65.4-52.3 13.7-10.7 4.6-2.9 3.8-2.5 20.3-9.4 2.8-1.6 3.5-1.5 Luochuan loess 3) Bulk 66.0-64.3 14.4-13.1 5.0-4.5 2.4-2.2 9.7-6.6 1. Oka, Y. (2003) 2) Honda et al. (2003) 3) Gallet et al. (1996) 4) Taylor and McLennan (1985) 
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Na2O MgO K2O CaO FeO Al2O3 Fig. 13 . Average upper continental crust (UCC) normalized major element composition of coarser particles from 2.1 mm to 11 mm in oxide forms. Major elements composition of Aksu saline land and loess from Tarim Basin (see Table 5 ) are also shown. Sample: Concentration of each major element of samples in oxide form. UCC: Concentration of each major element of UCC in oxide form.
During spring, summer and autumn, the size distribution of aerosol is unimodal with a maximum concentration in the region of 3.3-7.0 mm, with coarse particles accounting for more than 95% of the total aerosols. In winter however, the aerosol size distribution is bimodal with two peaks: at 3.3-7.0 mm for soilderived particles, and at the 0.65-1.1 mm stage for anthropogenic particles. Particles smaller than 2.1 mm account for more than 30% of total aerosols.
The difference between aerosol concentrations at heights of 7 m and 17 m increases for coarser particles when dust events occur. Anthropogenic ammonium sulfate and ammonium nitrate are observed in the 0.65-1.1 mm region, especially during winter. These anthropogenic components are considered to result mainly from coal combustion.
With regard to major element composition: depletion of SiO 2 , and enrichment of FeO, K 2 O and MgO compared with reference surface soils such as saline soils around the observation site, the loess deposits, and the desert sand suggests that minerals rich in K, Fe and Mg such as mica and clay are selectively derived from the soil surface into the atmosphere. Institute of Ecology and Geography, CAS, for their cooperation.
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